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ABSTRACT 
 
Cattle (Bos Taurus) are biologically able to breed year-round, potentially giving farmers the 
freedom to choose a calving strategy to best meet their economic goals. Thus, an accurate 
method to determine cattle birth seasonality from archaeological remains would prove a 
valuable tool when investigating a prehistoric farming community. This paper presents the 
results of intra-tooth isotope ratio analysis (δ18O, δ13C) of first, second and third molars from 
15 cattle. The principal outcome is a possible new approach to determine cattle birth 
seasonality utilising both carbon and oxygen isotope ratio measurements of first molar 
enamel. Although this technique requires verification through more extensive testing, 
particularly of modern material, initial results suggest that it may produce more accurate 
predictions of birth seasonality than techniques based on intra-tooth δ18O measurements of 
second and third molars. 
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INTRODUCTION 
 
The ability to detect past animal husbandry practices is essential if the economic basis of a 
prehistoric community is to be understood. One aspect of animal husbandry, seasonality of 
birth, is of particular importance when determining the role of domestic cattle (Bos Taurus) 
within a community. Cattle are biologically able to mate and breed year-round (King 1978, 
124), potentially giving farmers the freedom to choose a calving strategy to best meet their 
economic goals, whether for an emphasis on milk or meat. For example, before the advent of 
specialised, modern, dairy breeds, a year-round supply of fresh milk is likely to have required 
calving over several seasons. An accurate method to determine cattle birth seasonality from 
archaeological remains would provide valuable information on both economic focus and the 
management effort required to achieve a particular calving strategy.  
 
Oxygen isotope ratio analysis of molar enamel is increasingly being used to investigate birth 
seasonality of domestic herbivores (e.g. Balasse et al. 2003; Balasse and Tresset 2007; 
Henton et al. 2010; Blaise and Balasse 2011; Stevens et al. 2011; Towers et al. 2011; Balasse 
et al. 2012a; Balasse et al. 2012b). This technique appears ideally suited to this application for 
two principal reasons. First, the molar teeth of many herbivorous mammals are high-crowned 
(hypsodont), each molar forming sequentially over a period of time from the cusp at the 
occlusal surface to the cervix, where the root and crown meet (Brown et al. 1960; Hillson 
2005, 8-15). Second, the isotopic ratio of the oxygen incorporated into enamel during its 
formation tends to vary seasonally. Thus, by analysing a series of intra-tooth enamel samples 
extracted along the length of a molar crown from cusp to cervix, the seasonal variation in 
oxygen isotope ratio can be revealed (Fricke and O’Neil 1996). For cattle that have lived at 
mid- and high latitudes, the form of this variation generally follows a sinusoidal-like pattern 
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with minima corresponding to winter and maxima to summer (Fricke et al. 1998). By 
comparing the positioning of minima or maxima within the second or third molars of a 
number of cattle present in an archaeological assemblage, seasonality of birth, i.e. whether 
calving was restricted to a narrow time period or spread across a number of seasons, may be 
estimated.  
 
However, the use of this technique for assessing cattle birth seasonality (referred to here as 
method 1) relies on a series of assumptions principally related to molar crown formation both 
in terms of chronology and rate of growth. Inter-animal and intra-tooth variability in crown 
formation are not well understood and, if present, will introduce a degree of uncertainty into 
any estimates of birth seasonality based on assumptions of uniformity. A method to correct 
for inter-animal variability in molar growth rate by modelling the sinusoidal pattern and 
normalising to period has been proposed by Balasse et al. (2012a). The initial aim of the 
present study was to identify and attempt to quantify the principal sources of uncertainty. The 
approach was to obtain intra-tooth oxygen isotope data from first, second and third molars of 
a number of cattle from various archaeological sites in the British Isles. Combined plots of 
oxygen isotope ratio versus time were constructed by applying a common set of assumptions 
related to crown formation. The isotopic analysis carried out in this study was of the 
carbonate fraction of enamel bioapatite, resulting in both oxygen and carbon isotope ratios 
being measured concurrently. An unforeseen consequence of this analysis has been the 
identification of a possible new method for estimating cattle birth seasonality (method 2) 
based on how the carbon isotope ratio varies along the length of the first molar crown and its 
relationship to the seasonal patterning of the oxygen isotope ratio also recorded in the crown. 
Although both carbon and oxygen isotope ratio data will be affected by variability in the 
timing and rate of crown formation, direct comparison between the two isotope patterns 
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removes these sources of uncertainty from any estimate of birth seasonality. Hence, method 2 
has the advantage that it does not rely on detailed knowledge of molar formation. 
 
BACKGROUND 
 
Cattle molar crown formation 
 
Although cattle molar crown formation can be described simplistically as sequential, 
progressing from the cusp to the cervix over a period of several months, the actual process is 
much more complex. By means of detailed radiographic and optical examination of 
hypsodont molars from goats and sheep, Suga (1982) concluded that enamel mineralization 
follows two principal phases: matrix deposition and maturation. The matrix is essentially an 
organic structure acting as a framework for the ensuing maturation process. It is secreted from 
cusp to cervix and becomes lightly mineralized as it is deposited (Hillson 2005, 155). As the 
matrix front progresses, with a periodicity revealed through incremental structures known as 
the brown striae of Retzius (Hillson 2005, 161), the enamel begins to mature but only after the 
matrix has reached its final thickness (Suga 1982). Most of the mineralization occurs during 
the maturation phase (Robinson et al. 1995), which, in contrast to the relatively simple 
progression of matrix deposition, is a complex process both spatially and temporally (Suga et 
al. 1979; Suga 1982; Hoppe et al. 2004; Tafforeau et al. 2007). Suga (1982) proposed three 
phases to the maturation process: an initial increase in mineralization from the surface to the 
innermost layer, followed by a second increase in the reverse direction, and finally an increase 
in mineralization of a narrow subsurface layer. Consequently, cattle molar enamel at any 
position on the crown takes at least 6-7 months to complete mineralization (Balasse 2002; 
Zazzo et al. 2005; Montgomery et al. 2010). It is also possible that the total length of time 
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required for enamel mineralization is variable within a single tooth, as observed in deciduous 
bovine incisors (Deutsch et al. 1979), and between different teeth of similar crown heights, as 
observed in equine premolars and molars (Hoppe et al. 2004).  
 
A chronology of molar development has been determined for modern cattle by Brown et al. 
(1960) through radiography (Table 1). However, these timings do not take account of the 
maturation process and are related to the progression of the matrix. There is uncertainty in the 
start and finish times, since, in addition to being displayed as ranges, they are described by 
Brown et al. (1960) as “approximations”. Detailed studies of molars from other bovids 
(sheep, goats and the extinct Myotragus balearicus) report a reduction in the rate of matrix 
progression towards the cervix with approximately 75 % of the crown length being formed 
during the first half of the formation period (Jordana and Köhler 2011; Kierdorf et al. 2012; 
Zazzo et al. 2012). However, according to Hillson (2005, 163), the striae of Retzius in cattle 
teeth, viewed at the enamel surface as troughs known as perikymata, tend to be regularly 
spaced along “most of the crown height” suggesting a reasonably constant rate of matrix 
progression for much of the crown.  
 
Stable isotope ratio analysis of cattle molar enamel 
 
Isotope ratio analysis of the carbonate fraction of enamel bioapatite (the mineral component 
of enamel) enables both oxygen and carbon isotope ratios to be measured concurrently. 
Isotope ratios are expressed as δ18O and δ13C and units are per mil (‰) (Sharp 2007, 17-18). 
The δ18O values measured in bioapatite are primarily controlled by the δ18O value of ingested 
drinking water which is usually related to that of precipitation (Longinelli 1984; Luz et al. 
1984; Luz and Kolodny 1985). The δ18O value of precipitation varies seasonally due to a 
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range of climatic variables including the amount of precipitation and air temperature 
(Dansgaard 1964) and, at mid- to high latitudes, it tends to be more positive in summer. 
Because of the averaging effect resulting from the lengthy mineralization process of enamel, 
the pattern of δ18O recorded along the length of a hypsodont molar crown (its intra-tooth δ18O 
profile) is damped and temporally shifted relative to the input δ18O signal (Passey and Cerling 
2002; Kohn 2004). It generally follows a sinusoidal-like form with maxima corresponding to 
summer and minima to winter (Fricke et al. 1998). It is the positioning of this sinusoidal 
pattern within a molar crown that, through comparison between different animals, forms the 
basis of method 1 estimates of birth seasonality. If the time taken for enamel mineralization 
were variable along the length of a molar crown then the amount of damping and temporal 
shift would also be variable, leading to possible distortions in the recorded sinusoidal pattern. 
As a result, errors would be introduced into method 1 estimates of birth seasonality in 
addition to those errors arising from any variation in crown formation start and finish times 
and the rate of matrix deposition. 
 
For herbivores, the δ13C values measured in bioapatite are controlled by diet (Sullivan and 
Krueger 1981). In prehistory, the indigenous terrestrial vegetation of the British Isles together 
with any crops available for fodder would have photosynthesized by the C3 pathway. 
Therefore, δ13C values measured in prehistoric cattle enamel are expected to reflect a C3-
based diet. However, interpretation of diet is not an aim of this study. Instead it is the intra-
tooth δ13C profile of first molar enamel that is of particular interest. Other studies have shown 
a distinctive pattern within the first molar δ13C data of cattle (Balasse 2002) and sheep 
(Towers and Montgomery, unpublished data): moving from earlier forming enamel at the 
cusp towards later forming enamel at the cervix, first molar δ13C profiles tend to start at 
relatively low levels, rise steeply, then level off or show a reduction in gradient to values 
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more typical of second molar enamel. In terms of matrix progression, a first molar crown 
starts forming several months before birth and is complete when the calf is approximately 2-3 
months old (Table 1). Consequently, the first molar crown forms during the key stages in a 
calf’s digestive development (described below), and the δ13C profile recorded in the tooth is 
likely to reflect this.  
 
The source of carbon in enamel is dissolved inorganic carbon in the bloodstream (Sullivan 
and Krueger 1981). In a ruminant, the fermentation of food is brought about by micro-
organisms in the rumen, the first of four stomach compartments, which produces both carbon 
dioxide and methane (McDonald et al. 1988, 142-143). The δ13C value of the methane is 
much more negative than the food, by more than 30 ‰ (Rust 1981; Metges et al. 1990; 
Schulze et al. 1997) whilst the carbon dioxide becomes enriched in 
13
C (Hedges 2003). Thus, 
if a proportion of this carbon dioxide becomes dissolved in the bloodstream, the δ13C value of 
any mineralizing enamel is expected to be more positive than for a non-ruminant herbivore 
with a comparable diet (Cerling and Harris 1999; Passey et al. 2005). When the first molar 
begins forming, the dissolved carbon in the foetal calf’s blood is derived from its mother’s 
digestion processes. Hence, the δ13C value of forming enamel will be typical of a ruminant. 
When the calf is born, its rumen is undeveloped and digestion of milk is carried out in the 
abomasum, the fourth stomach compartment in a ruminant, which digests food in a similar 
manner to the stomach of a non-ruminant. Therefore, immediately after birth, the δ13C value 
of forming enamel is expected to be typical of a non-ruminant; i.e. more negative. However, 
given the opportunity, young calves will begin to consume some solid food by the age of 2 
weeks (Lengemann and Allen 1959; Godfrey 1961a).  It is the consumption of dry food that 
stimulates the development of the rumen. Provided such food is available, the rumen develops 
quickly, anatomically, physiologically and microbially, so that by the time the calf is 
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approximately 6-10 weeks old, it is able to digest solid food as an adult ruminant (Bryant et 
al. 1958; Swanson and Harris 1958; Godfrey 1961b; Anderson et al. 1987). Thus, from this 
age, the δ13C value of forming enamel will be more typical of a ruminant even though the calf 
may not be fully weaned.   
 
Transition of the calf from ruminant (via its mother) through non-ruminant and back to 
ruminant might be expected to produce relatively higher δ13C values in the earliest and latest 
forming enamel of an unworn first molar and lower values between. However, most analysed 
first molars are worn. Because enamel mineralization takes several months (Balasse 2002) 
and since, according to Brown et al. (1960), only one third of the crown is formed at birth, 
any enamel that started forming before birth is likely to be worn away or, if remaining, 
produce a δ13C value predominantly reflecting post-birth digestion. If a rise in δ13C towards 
the cervix is observed in first molars, then this may indicate the transition between non-
ruminant digestion immediately after birth and the utilisation of a fully formed rumen several 
weeks later. Equally, a reduction in gradient of the δ13C profile to values more typical of 
second molar enamel may be a direct indication of the completion of rumen functionality and, 
consequently, an indirect indication of birth recorded within the isotopic data. If this is the 
case, this feature has the potential to provide an alternative method to estimate cattle birth 
seasonality (method 2).  
 
MATERIALS AND METHODS  
 
Thirty five archaeological mandibular molars from 13 different cattle were selected from 
three archaeological assemblages: Pool, Orkney, UK (Scandinavian Interface period, c. A.D. 
800 – c. A.D. 950); Mine Howe, Orkney, UK (Iron Age period, c. A.D. 100 – c. A.D. 400); 
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and Grimes Graves, Norfolk, UK (Middle Bronze Age period, c. 1100 B.C.) (Mercer 1981, 
36; Hunter 2007, 140; Davis 2010, 417). For nine of these animals, first, second and third 
molars were analysed whilst, for the remaining four, first and second molars were analysed. 
For each site, care was taken to ensure that the molar series were from different individuals; 
i.e. if two series of molars were from opposite sides of the mouth, they had to be 
distinguishable visually in terms of wear or isotopically after analysis. In addition, first molars 
and fourth deciduous premolars were analysed for two modern animals: one cow from the 
Chillingham Wild White Cattle herd, Northumberland, UK (Hall 1989) and one Dexter bull 
reared for beef in County Durham, UK. 
 
Before intra-tooth enamel sampling could proceed, each cattle tooth was prepared by cleaning 
the enamel surface of a single lobe using a diamond dental burr. For the archaeological 
molars, lingual mesial lobes were targeted unless the enamel appeared of poorer quality than 
that of alternative lobes. For three animals, lingual distal lobes for second molars and lingual 
central lobes for third molars were sampled. Lingual mesial and distal/central lobes are very 
similar in terms of length and enamel thickness, and it is assumed that estimates of the 
timings of δ18O minima and maxima will also be very similar. Powdered enamel samples 
were obtained from along the length of the lobe, using a clean diamond dental burr, such that 
the drilling of each sample, through the bulk of the enamel thickness, produced a groove 
approximately 2 mm wide perpendicular to the lobe length. Further processing followed a 
protocol modified after Sponheimer (1999) for finely powdered enamel, involving initial 
treatment with 1.7% NaOCl solution (for approximately 30 minutes) to remove organic 
matter. After rinsing with de-ionised water they were then treated with 0.1M acetic acid (for < 
10 minutes) to remove any exogenous carbonate. After further rinsing followed by freeze-
drying, the samples were weighed into septa-capped vials (~ 1.3 mg for each sample), which 
 11 
were loaded into a Finnigan Gasbench II, an automatic carbonate preparation device 
connected to a Thermo Delta V Advantage continuous flow isotope ratio mass spectrometer. 
The carbonate fraction of each sample reacted with phosphoric acid (103%) at 70 °C to 
release CO2 which was analysed by the mass spectrometer. δ
18
OVSMOW and δ
13
CVPDB 
measurements were normalised using a calibration equation derived from the measured and 
accepted values of one international and two internal standards. Analytical precision was ± 
0.2‰ for δ18OVSMOW (1σ) and ± 0.1‰ for δ
13
CVPDB (1σ), determined from repeated analyses 
of an internal enamel laboratory standard (n = 33 over 15 months). Sampling and analysis was 
carried out at the Stable Light Isotope Facility at the University of Bradford. 
 
RESULTS AND DISCUSSION 
 
Oxygen and carbon isotope results are shown in Table 2. They were obtained from the molars 
of 5 Pool animals (PL0278, PL0330, PL0339, PL0344 and PL0386), 3 Mine Howe animals 
(MH84, MH138 and MH0604), 5 Grimes Graves animals (GG120, GG743, GG839, GG614 
and GGT10), the modern Chillingham animal (CHIL1) and Dexter (KAR).  
 
Construction of δ18O and δ13C profiles 
 
In order to assess the timing and uniformity of cattle molar formation, it is necessary to plot 
intra-tooth oxygen and carbon isotope ratios versus time rather than the distance from cervix 
measurements in Table 2. Because the only timing information available relates to the start 
and finish times of each molar (Brown et al. 1960), conversion of distance from cervix to time 
requires unworn crown heights. In many cases, these must be predicted because the molars 
are worn.  
 12 
 
For all 13 archaeological cattle, the data for first, second and third molars, where present, 
have been combined onto the same plot. The resulting isotopic profiles are shown in Figure 1 
and were produced as follows:  
1) Unworn crown heights were predicted for worn third molars from graphs of wear stage 
versus crown height constructed using measurements of 46 third molars from Mine Howe 
(wear stage data from Davis 2010, Appendix V, wear stage classification from Grant 1982). 
The graphs provide incremental corrections for each wear stage in mm depending on which 
enamel lobe is being sampled (Predicted crown heights_SuppInfo.doc). The incremental 
corrections for the lingual mesial lobe are 0, 0.9, 2.1, 3.7, 5.6 and 7.9 mm for wear stage a-f 
respectively. Those for the lingual central lobe are 0, 0.6, 1.7, 3.2, 5.1 and 7.3 mm.  Each 
predicted unworn crown height was obtained by adding the appropriate incremental 
correction to the worn crown height. For this study, only third molars with wear stages a-f 
were used because wear stages g-m depend on the accessory pillar height which can vary 
substantially between animals (Jones 2007), introducing more uncertainty to the wear stage 
correction. Despite being derived from Mine Howe molars, the incremental corrections have 
been used for all Mine Howe, Pool and Grimes Graves third molars since, whatever the 
original size of the unworn tooth, any difference between the actual and predicted amounts of 
wear will be relatively small, translating to an equally small error in the predicted unworn 
molar size. For animals where only first and second molars were analysed, the similar size 
and morphology of second and third molars allowed unworn crown heights for second molars 
to be predicted using the third molar correction factors for wear stages a-f.  
2) For each molar series that includes a third molar, the unworn second molar crown height 
was calculated to be 97 % of the predicted unworn crown height of the third molar. The figure 
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of 97 % falls between a value closer to 100 % suggested by the limited examples available to 
this study and a figure of 94% suggested by Jones (2007).  
3) Unworn first molar crown heights were calculated to be 84 % of the predicted unworn 
second molar crown heights. The figure of 84 % is suggested by Legge (1992, 21) for Grimes 
Graves cattle molars. 
4) For each molar, the timing of each intra-tooth enamel sample relative to the cervix was 
calculated proportionally from the measured or calculated unworn crown height and the 
length of time the molar takes to form given by the chronology of Brown et al. (1960) (Table 
1). The time after birth for each intra-tooth sample could then be calculated from the time 
after birth of the cervix given by the chronology. For these calculations, the start and finish 
times relative to birth were assumed to be –4.7 and 2.5 months for first molars, 1 and 12.5 
months for second molars and 10 and 23.5 months for third molars. These are the mid-range 
times given by Brown et al. (1960) (Table 1) apart from the start time of 10 months for third 
molars, which was chosen because a start time of 9.5 months can produce visible 
misalignment between the profiles of second and third molars.  
 
It should be emphasized that for each intra-tooth data point represented in the profiles of 
Figure 1, the time calculated using parameters from Brown et al. (1960) (x-axis value) is 
related to the initial deposition of the enamel matrix, whereas its measured isotopic ratio (y-
axis value) is an average value of the completed enamel which took several subsequent 
months to mineralize following matrix deposition. The use of this method assumes that the 
crown formation times derived for modern teeth can be applied to archaeological teeth and 
that the matrix progresses at a uniform rate which is not true for first molars if only one third 
of the first molar crown is formed at birth (Brown et al.1960); i.e. the cuspal third forms 
before birth over a period of approximately 4.5 months and the remaining two thirds over a 
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shorter period of approximately 2.5 months. Although the first molar isotopic data have been 
plotted in Figure 1 according to calculations outlined in (4) above, the x-axis time scale has 
been removed for times before 2 months because of the non-uniformity of first molar matrix 
progression. 
 
Second and third molar δ18O profiles: the basis for method 1 estimates of cattle birth 
seasonality 
 
The assumptions used in the construction of isotope ratio profiles appear to have resulted in 
profiles that are continuous both in δ18O and δ13C and show little evidence of obvious 
discontinuity between molars (Fig. 1). In each profile, the seasonal, sinusoidal-like variation 
in δ18O is clearly visible. Generally, there is a minimum present in the second molar δ18O 
profile (or straddling the first and second molar profiles), a second minimum present in the 
third molar δ18O profile and a maximum falling between. The timing of each of these minima 
and maxima has been calculated by differentiation of a second order polynomial fitted to the 
surrounding data points. Timings for all 13 cattle are presented in Table 3. These timings will 
have an uncertainty associated with them, arising from the assumptions made when 
constructing the δ18O profiles. For third molars, there is an error associated with the predicted 
unworn crown height, derived from the measurement of the worn crown height and the 
incremental correction derived for each wear stage. Worst case errors of ± 1.0 mm (2σ) and ± 
2.5 mm (2σ) respectively are estimated, resulting in a combined error of ± √(0.52 + 1.252 ) =  
± 1.35 mm (1σ), using the sum of squares method for combining independent errors 
(Berendsen 2011, 21). For a typical  unworn third molar crown of height 50 mm and 
formation time 13.5 months, this translates into an error of ± (1.35/50) x 13.5 = ± 0.36 months 
(1σ). For second molars, the predicted unworn crown height is calculated as 97 % of the 
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predicted unworn crown height of the third molar, and its associated error is a combination of 
the errors associated with the third molar unworn crown height and the scaling factor of 97 %. 
Suggested percentage errors are ± 3 % (1σ) and ± 1.5 % (1σ) respectively, resulting in a 
combined percentage error of ± √(32 + 1.52 ) =  ± 3.4 % (1σ) (Berendsen 2011, 21). For a 
second molar formation time of 11.5 months, this translates into an error of ± 0.034 x 11.5 = ± 
0.39 months (1σ). These timing errors are modest but do not include contributions arising 
from variation in crown formation in terms of start and finish times or intra-tooth variability. 
 
Table 3 also includes values for the differences in timing between neighbouring maxima and 
minima, [max – min 1] and [min 2 – max]. These values vary from animal to animal. 
Although inter-animal difference in molar crown formation may be a contributing factor, 
another is likely to be the variation in the enamel’s δ18O input signal during formation. For 
example, if a 7 month rolling average (a crude approximation to the averaging process 
occurring during enamel formation) is applied to monthly precipitation δ18O data from 
Wallingford, UK (Darling and Talbot 2003), the resulting summer maxima and winter 
minima (not shown) are not always exactly 6 months apart. In contrast, the mean separation 
between neighbouring minima and maxima is expected to be 6 months. This is true for the 
precipitation δ18O data from Wallingford (Darling and Talbot 2003) for which the mean 
separation between neighbouring minima and maxima is 6.0 ± 1.0 months (1σ) over a 14 year 
period. For the molars in this study, the mean value of [max – min 1] = 5.5 ± 0.4 months (1σ, 
n = 11) and the mean value of [min 2 – max] = 6.3 ± 0.9 months (1σ, n = 9). This difference 
may be a manifestation of the small sample size. Alternatively, it may indicate that the 
chronology of second and third molars used here is not optimal. It is possible to obtain mean 
values of [max – min 1] and [min 2 – max] that are close to 6 months by adjusting the start 
and finish times relative to birth to 0.5 and 13.5 months for second molars (rather than 1 and 
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12.5 months) and to 11 and 23 months for third molars (rather than 10 and 23.5). None of 
these revised parameters falls more than one month outside the ranges given by Brown et al. 
(1960) for modern molars. Such discrepancies may reflect the approximate nature of those 
ranges or the fact that the molars are not from modern animals. The original parameters will 
be used for the remainder of this study since both sets of parameters produce the same overall 
conclusions. 
 
First molar δ13C and δ18O profiles: the basis for method 2 estimates of cattle birth seasonality 
 
In order to gauge the magnitudes of the errors involved in any method 1 estimate of cattle 
birth seasonality derived from δ18O minima and maxima, an alternative method is required for 
comparative purposes. Method 2 makes use of the shape of the δ13C profile recorded in first 
molar enamel: moving towards the cervix, there is a steep increase in first molar carbon 
isotope ratios followed by a reduction in gradient to values more typical of second molar 
enamel, patterning that is evident in the plots in Figure 1. As discussed, this patterning may 
indicate the transition between purely non-ruminant digestion immediately after birth 
(relatively low δ13C values) and the utilisation of a fully formed rumen (relatively high δ13C 
values), with the reduction in gradient indicating the completion of rumen functionality at the 
age of approximately 6-10 weeks. Figure 2a is a plot of δ13C versus the distance from the 
cervix for the first molar and fourth deciduous premolar of the modern Dexter (KAR). The 
first molar δ18O profile is also shown. Like the plots in Figure 1, the δ13C profile of the 
Dexter’s first molar shows an increase in δ13C moving towards the cervix, followed by a 
reduction in gradient. Moving away from the cervix, the δ13C profile passes through a 
minimum and begins to rise again in the cuspal enamel. This earliest-forming enamel may be 
reflecting foetal incorporation of 
13
C-rich carbon resulting from the mother’s ruminal 
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digestion. A similar pattern can be seen in the plot for GG120 (Fig. 1). Because the crown of 
a cattle fourth deciduous premolar is almost fully mineralized by the time of birth (personal 
observation), the δ13C values recorded in the enamel of this tooth should be dominated by the 
mother’s ruminal digestion. The plot in Figure 2a shows that the δ13C values of the modern 
Dexter’s fourth deciduous premolar enamel are similar to those recorded in its cervical first 
molar enamel. Plots for the same two teeth from the Chillingham animal (CHIL1) show an 
equivalent pattern (Fig. 2b). Thus, together, the fourth deciduous premolar and the first molar 
do appear to show the three stages in a calf’s digestive development from ruminant (via its 
mother) through non-ruminant to ruminant. 
 
If the change in gradient of the first molar δ13C profile is an indication of the completion of 
rumen functionality and an indirect indication of birth, the relationship between it and the 
seasonal cycle of the δ18O profile is of particular relevance. This relationship is critical to 
estimating cattle birth seasonality using method 2. For each animal represented in Figure 1, 
the data point where the δ13C profile changes gradient, designated here as δ13CCG, is indicated 
on the plot, as is the equivalent point in the δ18O profile. The latter, δ18OCG, has been assigned 
an angle relative to its position along the sinusoidal profile, ACG, which is shown 
schematically in Figure 3a. This was achieved as follows: the magnitudes of the summer 
maximum and winter minimum, δ18Omax and δ
18
Omin, bracketing the data point  δ
18
OCG were 
calculated by differentiation of second order polynomials fitted to the surrounding data points 
(occasionally, when a maximum or minimum was not clearly defined, as for MH138, values 
had to be estimated by visual inspection). Angle ACG was calculated using the equation 
[δ18OCG - δ
18
Omin] = 0.5Δ[cos(ACG) + 1], where Δ = [δ
18
Omax - δ
18
Omin], and [δ
18
OCG - δ
18
Omin] 
lies between 0 and Δ (Fig. 3a). Angles ACG calculated for all of the cattle in this study are 
presented in Table 4 and Figure 3b. Each angle ACG will be subject to uncertainty. One source 
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of error arises from the identification of the data point δ13CCG in the δ
13
C profile and, from 
that, its equivalent in the δ18O profile, δ18OCG. This was done by visual inspection which in 
some cases could have led to δ13CCG being assigned to the wrong data point. In this study, 
data points are separated by approximately 20° (corresponding to nine data points between 
neighbouring maxima and minima in the δ18O profile). If the maximum error is ±1 data point, 
the error in ACG is ± 20° (2σ). There are cases where the δ
18
O maximum or minimum is not 
clearly defined, e.g. MH138 (Fig. 1) resulting in additional uncertainty in ACG. This has been 
estimated to be approximately ± 20° (2σ). Using the sum of squares method for combining 
independent errors, the total error associated with ACG becomes ± √(10
2
 + 10
2
) = ± 14.1° (1σ) 
which, since 360° represents 12 months, is equivalent to ± 0.47 months (1σ).  
 
It is proposed that birth seasonality for an archaeological assemblage, i.e. the spread of births 
throughout the year, may be estimated from the spread of angles ACG, bringing into play a 
further source of error. If the change in gradient of the δ13C profile, δ13CCG, is an indication of 
the completion of rumen functionality, there will be variability in the timing of this biological 
event relative to birth. According to a number of studies (Bryant et al. 1958; Swanson and 
Harris 1958; Godfrey 1961b; Anderson et al. 1987), completion usually occurs at the age of 
approximately 6-10 weeks (8 ± 2 weeks), provided the calf has access to some dry food. If an 
estimate of ± 0.75 months (2σ) is assumed, the total error associated with the timing of birth is 
calculated to be ± √(0.472 + 0.3752) = ± 0.60 months (1σ), incorporating the error in 
estimating ACG.  
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Comparison of method 1 and method 2 
 
The second molar δ18O minima timings in Table 3 have been plotted against the angles in 
Table 4. The resulting plot is shown in Figure 4a. It might be expected that the data points 
should approximate to a straight line of gradient –12/360 months/°. Therefore, a straight line, 
of the form y = -(12/360)x + c, also shown in Figure 4a, has been fitted by adjusting the value 
of intercept c such that the sum of the squares of the residuals in the y direction is minimal. 
There is a strong correlation between angle ACG and the timings of second molar δ
18
O 
minima, supporting the idea that both types of data are related to the same factor, the timing 
of birth. The correlation coefficient r = -0.85 and the standard deviation of the residuals in the 
y direction, sdyres = ± 1.2 months. Figure 4b shows an equivalent plot for the third molar δ
18
O 
minima. In this case, the correlation coefficient r = -0.72 and sdyres = ± 2.0 months.  
 
Although the values of sdyres for both types of molar will incorporate the annual climate-
related variability in the δ18O input signal and the errors associated with the construction of 
the  δ18O profiles, particularly the prediction of unworn crown heights, inter-animal 
variability in crown formation is likely to be a factor. This may arise from inter-animal 
differences in crown start and finish times as defined by the matrix deposition process and the 
time taken to complete enamel mineralization. Intra-tooth differences between animals in 
terms of varying rates of enamel matrix formation or maturation along the crown may also be 
contributing factors, although modelling of cattle third molars by Balasse et al. (2012b) 
suggests that intra-tooth variation may be insignificant. Variability in third molar crown 
formation appears to be much more pronounced than that of second molars, which is not 
altogether surprising since a similar trend has been observed in modern sheep second and 
third molars (Blaise and Balasse 2011). The timing of third molar formation in humans is also 
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highly variable (Hillson 1996, 136). It might be expected that the values of sdyres would be 
improved through the modelling and normalisation technique proposed by Balasse et al. 
(2012a). However, this does not appear to be borne out in practice for these datasets. While 
the technique may correct for variation in the duration of crown formation, it does not address 
variability relative to birth of the start and finish times of crown formation. The advantage of 
method 2 is that it should be unaffected by variability in the timing and rate of molar 
formation. However, its predicted degree of uncertainty (± 0.6 months) cannot be accepted 
with confidence until the molars of many more cattle have been analysed, particularly from 
modern animals with known histories, and the associated uncertainties investigated and 
evaluated thoroughly. There may be sources of error not yet accounted for. For example, there 
may be an additional contribution to the uncertainty in ACG due to distortion of the sinusoidal 
pattern of the first molar δ18O profile caused by pre-weaning ingestion of water via milk, 
which tends to produce more elevated δ18O values than drinking water (Lin et al. 2003; 
Renou et al. 2004; Camin et al. 2008).  
 
As an illustration of how estimates of birth seasonality can depend on the method used, 
suppose that the animals included in this study were from the same herd and consider those 
data points in Figures 4a and 4b falling in the central cluster between angles -13° and +91°. 
The spread of births estimated using method 2 is (104/360) x 12 = 3.5 months. Alternatively, 
using method 1 and reading along the y-axes of Figures 4a and 4b, the spread of births is 8.6 - 
3.4 = 5.2 months for second molars and 21.9 – 14.5 = 7.4 months for third molars. Thus, 
applying method 1 to third molars could lead to very different conclusions regarding cattle 
husbandry and economic goals than using method 2. If method 2 proves to be more accurate, 
then applying method 1 to third molars in particular could lead to erroneous conclusions, 
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which would be unfortunate as loose third molars are often the most common component in 
archaeozoological dental collections because they are easy to identify.  
 
Estimating season of birth 
 
The emphasis of this paper has been on the seasonality of births, i.e. the spread of births 
throughout the year. However, an ability to estimate the actual season of birth for an animal 
would contribute greatly to our understanding of past husbandry practices. In order to predict 
the season of birth using method 2, the analysis of molars from an animal with a known date 
of birth is required, which would allow calibration of the x-axis (angle ACG) in Figure 3b. 
Included in this study are two modern animals, one from the Chillingham Wild White Cattle 
herd (CHIL1), the other a Dexter reared for beef (KAR). Unfortunately, the date of birth of 
the Chillingham animal is not known. The date of birth of the Dexter is known (8
th
 February 
2010) but this animal may not prove to be the ideal control animal because he moved to a 
location 10 km from his birth place when he was 3½ months old. As a result, he had access to 
a variety of water sources. At the first location, drinking water consisted mainly of collected 
rainwater and ditch water, while at the second, water was available from a stream and from a 
borehole. The δ18O value of the borehole water may not vary appreciably with season. Despite 
this, the δ18O profile for the first molar enamel (Fig. 2a) follows a typical sinusoidal shape, 
although there is a possibility of some modification by the borehole water since the enamel 
was still mineralizing after the move to the second location. Angle ACG for the Dexter has 
been calculated to be -27° and is shown in Figure 3b. An angle of -27° might suggest 
simplistically that the completion of rumen functionality occurred in early summer, implying 
birth in early spring rather than February (Fig. 2a). However, the process and duration of 
enamel mineralization causes a temporal shift between the input and the recorded signals that 
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depends on the shape of the input pattern, i.e. the sinusoidal profile of δ18O produced by 
gradual seasonal change is shifted by a different amount to the step change in δ13C gradient 
resulting from the development of the rumen. Consequently, an angle of -27° is 
approximately as expected for a February birth. Most of the animals included in this study lie 
between -27° (KAR) and 91° (MH138), a range of 118° which represents (118/360) x 12 
months = 3.9 months. If the δ18O profile of the Dexter (KAR) is truly seasonal and method 2 
is a valid approach to determining cattle birth seasonality, then these animals were probably 
born during late winter, spring and early summer. For a random selection of animals from 
different sites and periods, it seems reasonable that the highest density of births would have 
coincided with the period of maximum grass growth. 
 
CONCLUSIONS 
 
This study has introduced a possible new approach to determine cattle birth seasonality that 
utilises both carbon and oxygen isotope ratio measurements of cattle first molar enamel 
(method 2). The technique is based on the proposition that a change in gradient observed in 
many first molar δ13C profiles is directly related to rumen development and methanogenesis 
and is therefore indirectly related to birth. This multiple-isotope approach, using both δ13C 
and δ18O profiles, has the advantage that prediction of cattle birth seasonality using method 2 
should be unaffected by variability in the timing and rate of tooth crown formation. Initial 
results suggest that method 2 may produce more accurate estimates of cattle birth seasonality 
than method 1, which is based on δ18O maxima and minima present in second and third molar 
profiles. Variability in crown formation appears to be more pronounced for third molars 
which could lead to inaccurate predictions of cattle birth seasonality using method 1 and 
erroneous conclusions regarding cattle husbandry and economic goals. 
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However, method 2 is still at an early stage of development and requires much more extensive 
testing both to verify that the patterning observed in first molar δ13C profiles is indeed a result 
of rumen development and methanogenesis, and to further investigate and evaluate the 
sources of uncertainty associated with methods 1 and 2. For this purpose, the analysis of 
molars from modern animals with known histories would be particularly beneficial. The use 
of modern material would also be invaluable in the determination of season of birth in 
addition to birth seasonality.  
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TABLES 
Table 1 Chronology of development of mandibular cattle molars (data from Brown et al. 
1960). * Foetal age of 140 days (Soana et al. 1997), equivalent to approximately 4.7 months 
before birth 
 
 
Development First molar Second molar Third molar 
 (age in months) (age in months) (age in months) 
    
Crown formation starts In utero* 1 9-10 
Crown formation complete 2-3 12-13 23-24 
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Table 2 Oxygen and carbon isotope ratios of cattle molar enamel. PL = Pool, GG = Grimes Graves, MH = Mine Howe, CHIL = Chillingham and 
KAR = dexter from County Durham. Mandibular 1st, 2nd and 3rd molars are designated M1, M2 and M3. Mandibular 4
th
 deciduous premolars are 
designated dP4. LM = lingual mesial, LD = lingual distal, LC = lingual central, BM = buccal mesial. Wear stages after Grant (1982) 
 
 
 Distance  δ
18
OVSMOW δ
13
CVPDB   Distance  δ
18
OVSMOW δ
13
CVPDB   Distance  δ
18
OVSMOW δ
13
CVPDB 
 from cervix normalised normalised   from cervix normalised normalised   from cervix normalised normalised 
Sample 
No. 
(mm) (‰) (‰)  Sample 
No. 
(mm) (‰) (‰)  Sample 
No. 
(mm) (‰) (‰) 
              
PL0278 (M1), LM, wear stage j, cusp to cervix 31.5 
mm  
 PL0278 (M2), LM, wear stage e/f, cusp to cervix 43.0 
mm 
 PL0278 (M3), LM, wear stage a, cusp to cervix 49.0 
mm 
              
1 28.5 26.4 -14.5  1 39.0 23.8 -11.4  1 45.0 25.1 -11.3 
2 24.5 26.2 -14.0  2 35.0 23.8 -11.2  2 41.0 24.7 -11.5 
3 21.0 26.4 -13.6  3 31.0 24.0 -11.1  3 37.0 24.2 -11.7 
4 17.0 26.5 -12.9  4 27.5 24.1 -11.2  4 33.0 23.9 -11.8 
5 13.5 25.8 -12.4  5 24.0 24.4 -11.2  5 29.5 24.1 -11.8 
6 9.5 25.3 -11.9  6 20.5 25.3 -11.3  6 25.5 24.5 -11.9 
7 5.5 25.1 -11.6  7 16.5 25.8 -11.5  7 22.0 24.6 -12.0 
8 2.5 24.7 -11.4  8 12.5 26.3 -11.5  8 19.0 25.0 -12.0 
     9 8.5 26.0 -11.5  9 16.0 25.6 -12.0 
     10 4.5 25.1 -11.3  10 13.0 25.9 -11.9 
          11 10.0 26.3 -11.6 
              
PL0330 (M1), LM, wear stage g, cusp to cervix 35.5 
mm  
 PL0330 (M2), LD, cusp damaged    PL0330 (M3), LC, wear stage a/b, cusp to cervix 51.0 
mm 
              
1 33.0 24.5 -13.6  1 34.0 23.7 -11.8  1 45.0 25.1 -11.3 
2 28.5 25.5 -13.6  2 28.0 24.0 -11.9  2 39.5 24.4 -11.3 
3 24.5 26.1 -13.4  3 24.5 24.6 -11.9  3 33.5 24.2 -11.4 
4 21.5 26.4 -13.1  4 21.0 25.1 -11.8  4 28.0 24.1 -11.6 
5 15.5 26.5 -12.5  5 17.5 25.5 -11.9  5 22.0 24.3 -11.9 
 36 
6 12.0 27.0 -12.4  6 13.5 25.5 -12.1  6 16.5 25.3 -12.2 
7 9.0 26.5 -12.4  7 10.0 26.0 -12.0  7 11.0 26.0 -12.3 
8 6.0 26.1 -12.1  8 6.5 26.3 -11.8  8 6.0 26.0 -12.0 
9 2.5 25.4 -12.1  9 3.0 25.6 -11.5      
              
PL0339 (M1), LM, wear stage h, cusp to cervix 33.5 
mm  
 PL0339 (M2), LM, wear stage f, cusp to cervix 44.0 
mm 
     
              
1 27.0 23.5 -14.5  1 36.0 26.8 -12.0      
2 23.0 23.8 -13.7  2 31.5 26.8 -11.8      
3 18.5 24.2 -13.3  3 27.0 26.0 -11.7      
4 14.5 24.7 -13.0  4 22.5 24.9 -11.9      
5 11.0 25.6 -13.1  5 18.0 24.5 -11.9      
6 6.5 26.5 -13.0  6 14.0 24.0 -12.2      
7 3.5 27.1 -12.8  7 9.5 24.1 -12.3      
     8 6.0 23.9 -12.5      
     9 2.5 24.5 -12.6      
              
PL0344 (M1), LD, wear stage g, cusp to cervix 35.0 
mm  
 PL0344 (M2), LD, wear stage f, cusp to cervix 44.0 
mm 
 PL0344 (M3), LC, wear stage b, cusp to cervix 48.0 
mm 
              
1 30.0 24.1 -14.7  1 41.0 24.9 -12.6  1 46.5 25.7 -12.0 
2 26.0 25.0 -14.5  2 38.0 24.5 -12.3  2 43.5 25.5 -12.0 
3 22.5 25.7 -14.4  3 35.0 24.1 -12.3  3 40.5 25.4 -11.8 
4 18.5 26.3 -14.4  4 32.0 23.9 -12.4  4 37.0 24.8 -11.7 
5 15.0 27.4 -13.9  5 29.0 23.9 -12.5  5 34.0 24.6 -11.7 
6 11.5 27.3 -13.2  6 26.0 23.7 -12.4  6 31.0 24.4 -11.8 
7 6.5 26.8 -12.5  7 23.0 23.5 -12.4  7 28.0 24.1 -11.9 
8 3.0 26.4 -12.4  8 20.5 23.3 -12.2  8 25.0 24.0 -12.0 
     9 17.0 23.3 -12.2  9 22.0 23.7 -12.1 
     10 13.5 24.1 -12.2  10 19.0 23.4 -12.1 
     11 10.5 24.5 -12.2  11 16.5 23.6 -12.3 
     12 7.5 24.9 -12.2  12 13.5 23.8 -12.4 
     13 4.0 26.0 -12.2  13 10.5 24.1 -12.5 
          14 7.5 24.6 -12.4 
          15 4.0 25.1 -12.1 
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PL0386 (M1), LM, wear stage g, cusp to cervix 39.0 
mm  
 PL0386 (M2), LM, wear stage f, cusp to cervix 51.5 
mm 
 PL0386 (M3), LM, wear stage a/b, cusp to cervix 57.5 
mm 
              
1 36.0 26.3 -15.3  1 49.5 23.9 -11.9  1 55.0 25.3 -11.1 
2 32.5 26.3 -15.0  2 47.0 23.8 -11.7  2 52.0 24.6 -11.2 
3 29.5 26.6 -14.6  3 44.0 23.8 -11.6  3 49.0 24.3 -11.0 
4 26.0 26.4 -14.3  4 41.0 24.2 -11.5  4 46.5 24.1 -11.2 
5 22.5 26.0 -13.8  5 38.0 24.5 -11.6  5 43.5 23.7 -11.3 
6 19.0 25.8 -13.3  6 34.5 25.1 -11.5  6 40.0 24.0 -11.4 
7 15.5 25.3 -13.0  7 31.0 26.1 -11.6  7 36.5 24.1 -11.6 
8 12.5 24.5 -12.7  8 28.0 26.6 -11.7  8 33.0 24.1 -11.7 
9 9.0 23.9 -12.3  9 25.5 26.7 -11.8  9 29.0 24.7 -11.8 
10 6.0 23.6 -12.0  10 22.0 26.9 -11.7  10 25.5 25.2 -11.9 
11 3.0 23.5 -11.9  11 19.0 26.8 -11.6  11 22.5 25.5 -12.0 
     12 16.0 26.3 -11.5  12 19.5 25.7 -12.0 
     13 13.5 25.7 -11.5  13 16.5 25.6 -12.0 
     14 10.5 25.3 -11.4  14 13.5 25.6 -11.9 
     15 7.5 24.7 -11.3  15 10.5 25.2 -11.8 
     16 4.5 24.5 -11.2  16 7.0 25.2 -11.6 
          17 3.5 25.1 -11.6 
              
GG839 (M1), LM, wear stage k, cusp to cervix 29.0 
mm  
 GG839 (M2), LM, wear stage g, cusp to cervix 44.5 
mm 
 GG839 (M3), LM, wear stage d, cusp to cervix 49.5 
mm 
              
1 25.0 23.6 -15.7  1 39.0 26.6 -13.7  1 45.0 24.9 -13.0 
2 21.0 24.2 -15.4  2 34.5 26.2 -13.6  2 41.0 25.6 -12.7 
3 17.5 25.4 -15.2  3 30.5 25.2 -13.7  3 37.5 26.2 -12.4 
4 13.0 26.0 -14.7  4 27.5 24.5 -13.5  4 34.0 26.5 -12.1 
5 10.0 27.2 -14.3  5 24.0 24.0 -13.6  5 30.5 26.3 -11.6 
6 6.5 27.4 -14.0  6 20.0 23.8 -13.6  6 27.5 25.5 -11.6 
7 3.0 27.5 -13.8  7 16.5 23.7 -13.6  7 24.0 24.9 -11.6 
     8 12.5 23.9 -13.7  8 20.5 24.3 -11.6 
     9 9.0 24.1 -13.7  9 17.0 23.9 -11.6 
     10 5.0 24.8 -13.5  10 13.5 24.0 -11.6 
     11 2.5 26.2 -13.2  11 10.0 23.6 -11.8 
          12 6.5 23.2 -11.8 
          13 3.0 23.5 -11.8 
 38 
              
GG743 (M1), LM, wear stage k/l, cusp to cervix 32.5 
mm  
 GG743 (M2), LM, wear stage g, cusp to cervix 45.5 
mm 
 GG743 (M3), LM, wear stage e/f, cusp to cervix 51.0 
mm 
              
1 29.0 26.6 -15.1  1 38.5 23.8 -13.6  1 46.0 23.9 -12.3 
2 25.0 26.3 -14.8  2 34.0 24.0 -13.3  2 41.5 24.1 -12.4 
3 21.5 26.1 -14.3  3 30.0 24.5 -13.4  3 37.5 23.4 -12.7 
4 17.0 25.4 -14.1  4 26.5 24.9 -13.1  4 33.5 23.3 -13.0 
5 13.5 25.4 -14.1  5 23.0 25.5 -12.8  5 29.5 23.5 -13.3 
6 10.0 24.3 -13.8  6 19.0 26.1 -12.4  6 26.5 23.9 -13.5 
7 6.0 23.8 -13.9  7 15.5 25.7 -12.1  7 19.0 24.7 -13.3 
8 2.5 23.6 -13.8  8 12.0 25.6 -11.8  8 15.5 25.1 -13.1 
     9 8.5 25.2 -11.9  9 12.0 25.3 -12.6 
     10 2.5 24.4 -12.2  10 8.0 25.3 -12.2 
          11 4.0 25.1 -12.2 
              
GG614 (M1), LM, wear stage j/h, cusp to cervix 37.0 
mm 
 GG614 (M2), LM, wear stage f, cusp to cervix 48.5 
mm 
     
              
1 34.5 26.8 -16.1  1 42.5 24.0 -13.6      
2 30.5 27.2 -15.5  2 37.5 23.6 -13.6      
3 27.0 27.3 -14.8  3 33.0 23.7 -13.6      
4 23.5 27.1 -14.2  4 28.5 24.1 -13.4      
5 20.0 26.8 -13.8  5 23.5 25.0 -13.5      
6 16.5 26.2 -13.5  6 19.5 25.9 -13.2      
7 13.0 25.6 -13.5  7 15.5 26.7 -12.9      
8 9.5 25.0 -13.4  8 11.5 27.0 -12.7      
9 6.5 24.8 -13.5  9 7.0 26.4 -12.1      
10 3.5 24.4 -13.4  10 3.5 26.1 -12.0      
              
GGT10 (M1), LM, wear stage k/l, cusp to cervix 28.5 
mm  
 GGT10 (M2), LM, wear stage g, cusp to cervix 41.0 
mm 
 GGT10 (M3), LM, wear stage f, cusp to cervix 49.0 
mm 
              
1 25.0 26.4 -15.9  1 35.0 24.0 -13.1  1 42.0 24.9 -12.8 
2 21.0 26.4 -15.3  2 31.0 23.7 -13.2  2 38.0 24.5 -12.8 
3 17.0 26.4 -14.5  3 26.5 23.8 -13.2  3 34.0 24.0 -12.9 
4 13.5 26.0 -13.7  4 22.5 24.2 -13.1  4 30.5 23.5 -13.0 
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5 10.0 25.6 -13.5  5 19.0 24.8 -13.1  5 26.5 23.4 -13.0 
6 5.5 25.0 -13.4  6 15.5 25.6 -12.9  6 23.0 23.3 -12.8 
7 2.5 24.9 -13.2  7 12.5 26.3 -12.8  7 20.0 23.3 -12.8 
     8 8.5 26.5 -12.7  8 16.5 23.7 -12.6 
     9 5.0 26.2 -12.5  9 13.0 24.8 -12.3 
     10 2.0 25.7 -12.6  10 10.0 25.9 -11.8 
          11 6.5 26.9 -11.3 
          12 3.5 27.2 -11.3 
              
GG120 (M1), LM, wear stage f, cusp to cervix 39.5 
mm  
 GG120 (M2), LM, wear stage a/b, cusp to cervix 50.0 
mm 
     
              
1 34.5 24.9 -16.1  1 44.0 23.3 -14.2      
2 30.5 24.7 -16.5  2 40.0 23.4 -14.2      
3 27.0  -16.5  3 36.0 22.7 -14.3      
4 22.5 25.5 -16.0  4 32.5 22.8 -14.3      
5 19.0  -15.7  5 29.5 23.0 -14.4      
6 14.5 25.6 -14.4  6 26.0 23.1 -14.4      
7 11.0 25.3 -14.4  7 22.0 23.4 -14.3      
8 7.5 23.9 -14.1  8 18.0 23.9 -14.1      
9 4.0 22.5 -14.0  9 14.5 24.7 -13.8      
     10 10.5 24.6 -13.2      
     11 6.0 24.8 -12.9      
     12 3.0 24.9 -12.9      
              
MH138 (M1), LM, wear stage l, cusp to cervix 23.5 
mm  
 MH138 (M2), LM, wear stage k, cusp to cervix 35.0 
mm 
 MH138 (M3), LM, wear stage f, cusp to cervix 44.5 
mm 
              
1 22.5 26.3 -14.9  1 33.0 24.4 -12.6  1 42.5 24.8 -12.8 
2 20.0 26.1 -14.2  2 30.0 24.9 -12.4  2 39.5 24.4 -12.9 
3 17.0 25.5 -13.7  3 27.0 25.0 -12.2  3 36.0 24.2 -12.8 
4 15.0 25.3 -13.5  4 24.0 25.4 -12.3  4 33.0 23.9 -12.9 
5 12.0 25.5 -13.5  5 21.0 26.4 -12.3  5 30.0 23.6 -13.0 
6 9.5 24.8 -13.3  6 18.5 26.6 -12.4  6 27.0 24.3 -12.9 
7 6.5 24.8 -13.2  7 15.5 26.3 -12.3  7 24.0 24.5 -13.2 
8 4.0 24.2 -13.3  8 12.5 26.3 -12.6  8 21.0 24.6 -13.0 
     9 9.5 25.9 -12.6  9 18.5 25.0 -12.6 
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     10 6.5 25.3 -12.6  10 15.5 25.5 -12.4 
     11 3.5 24.9 -12.6  11 12.5 25.9 -12.4 
          12 9.5 25.0 -12.3 
          13 7.0 24.8 -12.4 
          14 3.5 23.9 -12.5 
              
MH0604 (M1), LM, wear stage k, cusp to cervix 22.0 
mm  
 MH0604 (M2), LM, wear stage j, cusp to cervix 32.5 
mm 
 MH0604 (M3), LM, wear stage f, cusp to cervix 45.0 
mm 
              
1 19.0 25.6 -15.6  1 29.0 24.6 -12.7  1 42.0 26.0 -11.9 
2 16.5 26.0 -15.3  2 26.0 24.4 -12.8  2 38.5 26.1 -11.8 
3 13.5 26.4 -14.9  3 23.5 24.4 -12.7  3 35.5 26.3 -11.8 
4 11.0 26.2 -14.5  4 20.5 24.1 -12.6  4 32.5 26.0 -11.8 
5 8.0 26.6 -14.1  5 18.0 24.2 -12.6  5 29.5 25.6 -11.7 
6 5.5 26.6 -13.7  6 15.0 24.4 -12.5  6 27.0 25.4 -11.8 
7 3.0 26.3 -13.9  7 12.0 24.6 -12.6  7 24.0 24.9 -11.8 
     8 9.0 24.7 -12.5  8 21.0 24.4 -11.8 
     9 6.0 24.6 -12.6  9 18.0 24.2 -11.9 
     10 3.0 25.6 -12.4  10 15.5 23.8 -12.1 
          11 12.5 23.6 -12.1 
          12 9.5 23.5 -12.2 
          13 6.5 23.6 -12.3 
          14 3.5 23.7 -12.4 
              
MH84 (M1), LD, wear stage g, cusp to cervix 38.5 mm   MH84 (M2), LD, wear stage c, cusp to cervix 48.5 mm      
              
1 34.0 24.6 -16.5  1 46.0 23.7 -13.2      
2 30.5 25.4 -16.3  2 43.0 23.9 -12.9      
3 27.0 25.9 -15.9  3 40.0 23.9 -12.7      
4 23.5 25.8 -15.2  4 36.5 23.8 -12.6      
5 20.0 25.9 -14.5  5 33.0 23.7 -12.6      
6 16.5 25.7 -13.9  6 30.0 23.8 -12.4      
7 12.5 25.6 -13.4  7 27.0 24.3 -12.3      
8 9.0 24.9 -13.3  8 24.0 24.2 -12.3      
9 5.5 24.6 -13.1  9 20.5 24.7 -12.2      
     10 17.5 25.4 -12.2      
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     11 14.0 26.0 -12.1      
     12 11.0 26.4 -12.1      
     13 8.0 26.4 -12.1      
     14 4.5 26.0 -12.3      
              
CHIL1 (M1), BM, wear stage h, cusp to cervix 30.5 
mm  
 CHIL1 (dP4), cusp to cervix 10.0 mm       
              
1 28.5 25.9 -18.1  1 8.5  -16.0      
2 25.0 26.0 -17.5  2 6.0  -16.4      
3 22.0 25.8 -17.2  3 3.5  -16.4      
4 19.0 25.6 -17.0           
5 15.5 25.0 -17.1           
6 12.0 24.5 -16.9           
7 8.5 24.0 -17.0           
8 4.5 23.5 -16.9           
              
KAR (M1), LM, wear stage g, cusp to cervix 38.5mm  KAR (dP4), cusp to cervix 14.0 mm       
              
1 34.5 21.4 -17.7  1 11.5  -15.6      
2 31.0 21.6 -18.0  2 8.0  -15.6      
3 27.5 22.4 -18.1  3 4.5  -16.0      
4 24.0 23.0 -18.0  4 2.0  -16.1      
5 21.0 23.2 -17.8           
6 17.5 23.7 -17.5           
7 14.0 24.8 -17.0           
8 10.5 24.7 -16.6           
9 7.0 25.0 -16.5           
10 3.0 25.0 -16.3           
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Table 3 Timings of minima and maxima of δ18O profiles for all archaeological cattle 
 
  Predicted time after birth (months) 
         
  M2 
18
O 
minimum 

18
O 
maximum 
M3 
18
O 
minimum 
 [max - min 
1] 
[min 2 - 
max] 
[min 2 - 
min 1] 
Animal  (min 1) max (min 2)  (months) (months) (months) 
         
PL0278  4.5 9.4 14.5  5.0 5.1 10.0 
PL0330  4.9 10.5 15.3  5.6 4.8 10.4 
PL0344  6.7 11.8 18.2  5.1 6.5 11.5 
PL0386  2.4 7.9 13.7  5.5 5.8 11.3 
GG839  8.6 14.8 21.9  6.1 7.1 13.2 
GG743  3.4 9.0 15.4  5.6 6.4 12.0 
GGT10  5.6 10.7 17.8  5.2 7.1 12.3 
MH138  3.4 8.9 15.4  5.4 6.5 12.0 
MH0604  8.0 14.0 21.2  6.0 7.2 13.2 
GG614  5.1 10.2   5.1   
MH84  4.4 10.3   5.9   
PL0339  10.3       
GG120  4.9   mean = 5.5 6.3 11.8 
     σ = 0.4 0.9 1.1 
 
 
Table 4 Angular positions of δ18OCG on the δ
18
O profile for all cattle 
 
  Angle 
ACG 
Animal  (
o
) 
   
PL0278  91 
PL0330  0 
PL0339  -112 
PL0344  42 
PL0386  161 
GG839  -13 
GG743  53 
GG614  68 
GGT10  47 
GG120  12 
MH138  91 
MH0604  13 
MH84  49 
CHIL1  44 
KAR  -27 
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FIGURES 
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Figure 1 Combined δ18O and δ13C profiles for first, second and third cattle molars. Analytical 
error is ± 0.1‰ for δ13CVPDB and ± 0.2‰ for δ
18
OVSMOW. The grey square symbols connected 
by a dashed line represent δ13CCG and δ
18
OCG 
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Figure 2 δ18O and δ13C versus distance from cervix for first molars and 4th deciduous 
premolars from animals KAR (a) and CHIL1 (b). The grey square symbols connected by a 
dashed line represent δ13CCG and δ
18
OCG 
 46 
 
Figure 3 a) Schematic diagram showing the parameters involved in the calculation of ACG; b) 
Angles ACG for all cattle 
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Figure 4 a) Second molar δ18O minima timings versus ACG; b) Third molar δ
18
O minima 
timings versus ACG 
